Introduction
Recognizing gene regulatory regions within newly unravelled genomic DNA sequences is of obvious importance for genome research projects. Regulatory regions may be promoters, enhancers, locus control regions (LCR) and, finally, MAR/ SARs (matrix attachment regions/ scaffold attached regions). Promoters and enhancers are arrays of regulatory elements which are relatively short sequence motifs that are recognized by regulatory proteins, the transcription factors (for a review, see McKnight and Yamamoto, 1992; Wingender, 1993) . Since the specificity of this interaction is rather relaxed, transcription factor binding sites can be described by appropriate statistical methods (for a review, see Karlin and Brendel, 1992 ; see also Freeh et al, 1993; Quandt et al, 1995) . To provide a basis for site analysis and recognition, we established the TRANSFAC database (Wingender, 1994; Wingender et al., 1996) . This contains information on eukaryotic transcription-regulating DNA sequence elements and the transcription factors that bind to and act through these elements. Thus, the database consists of two major tables: SITES and FACTORS. SITES contains data about the location of regulatory sites within the genes (generally
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Medizin, Robert-Rossle-Str. 10, D-13125 Berlin-Buch, Germany To whom correspondence should be addressed referring to the transcription start site), the designation of the elements, the regulatory region a site belongs to (e.g. promoter, enhancer), and some comments on its function. Information about the transcription factors is provided by the FACTORS table which holds physicochemical and other structural properties, as well as functional features of the regulators. The sequence information compiled in this database can be used for scanning new genomic sequences for the presence of regulatory elements. Also, it can be exploited to construct weight matrices (Quandt et al., 1995) or consensus descriptions (Freeh et al., 1993) as tools for sequence analyses.
Using the information given by the database, pattern search routines and matrix scanning programs can be applied. These routines consider a definite nucleotide pattern as decisive, implying the 'digital' model of exposed bases that make specific contacts (e.g. hydrogen bonds) with amino acid residues of the binding protein. However, there is increasing evidence that some transcription factors not only have a significant impact on the DNA structure when binding to their recognition elements (e.g. Werner et al., 1996) , but that they may recognize specific intrinsic features of the threedimensional structure of the DNA (Ferrari et al., 1992; Pil and Lippard, 1992; Parvin et al., 1995) . We therefore started to exploit the utility of structural parameters for the characterization and analysis of cis-acting elements. Moreover, we describe the combined application of different tools to detect regulatory signals in genomic sequences.
Algorithm

Structural analysis
To enable searching for sequences with a specific structural pattern in genomic sequences, effective methods for predicting the three-dimensional structure of DNA from base sequences are needed. In contrast to current attempts to derive predictive rules from the limited number of experimental structures, we have used molecular modelling techniques to create a complete structural database. The calculations are based on conformational search and energy minimization, and were carried out with the Jumna (Junction minimization of nucleic acids) program (Lavery et al, 1995) using the Flex force field (Lavery et al., 1986) . The algorithm for creating the database assumes the validity of nearest-neighbour or next-nearest-neighbour models and combines the utility of combinatorial search with the concept of conformational substates. Only a limited number of substates of the sugar-phosphate backbone play a decisive role in the conformational mechanics of doublehelical DNA (Poncin et al, 1992; Lavery and Hartmann, 1994) and are therefore suitable starting points for energy minimization.
The nearest-neighbour model is equivalent to saying that the conformation of any nucleotide pair, picked out from a long sequence, only depends on the conformational substates of the 5'-and 3'-flanking nucleotides. For this case, the stepwise procedure leading to a complete set of stucturally matching fragments is shown in Figure 1 . The algorithm starts with the results of a conformational search in the six different dinucleotide repeat sequences and combines each dinucleotide structure with each other to form tetranucleotide repeats as starting structures for the next round of conformational search. The structural match of the new fragments with the fragments extracted from the dinucleotide repeat sequences is ensured by locking the structures with the same nucleotides on either side (A and B in Figure 1 ) during energy minimization. The need for such constraints is due to the nearestneighbour approximation. Their impact will be significantly reduced by using the more demanding next-nearest-neighbour and multiple substate models for creating the final version of the database (H.Sklenar et al, in preparation).
Databases
The structural data obtained from the conformational analysis are accessible in two forms. A primary database, structure.lib, contains the complete set of energetically optimized and mutually compatible fragment structures and allows all-atom models of DNA for any sequence to be built up very rapidly.
In addition, a secondary database, parameter.lib, holds specific parameters describing the structural features of the 10 different dinucleotide steps in the environment of all possible 5'-and 3'-flanking dinucleotides:
5'-NN XY NN -3' XY = AA, GG, GA, AG, AT, TA, GC, CG, AC, CA The parameters were extratced from an analysis of the 2560 possible hexanucleotides using the Curves program Sklenar, 1988, 1989) . The current implementation comprises values for the major and minor groove width and depth, for helical twist and rise, and for the local bending angles of the helical axis. This choice was made in view of the expected correlations with functional properties of DNA.
The parameter library enables fast conversion of base sequences into structural profiles. Thus, both systematic structural analysis of binding sites for specific transcription factors, and the search for sites with characteristic and common features in long sequences with unknown functions, has become computationally feasible.
Simulation of structural profiles
The minor groove width profile of an ideal yeast TATA motif, TATATA, with varying adjacent dinucleotides on either side (NNTATATANN) was used as template. In a search over the complete sequence space, we then tried to find sequences whose minor groove width profile optimally fits with that of these templates by comparing the profiles using a root mean square (r.m.s.) approach. For each of the 256 templates, we selected those sequences with r.m.s. <0.2 (maximum 0.03% of all posible decamers) as structurally 'similar'. 
Structure profile search routine
Using a sequence motif of defined length as the search template, the corresponding profile of a selected structural parameter (e.g. minor groove width) is calculated. This profile can be compared with that of a DNA sequence of arbitrary length by calculating their distance as the sum of the absolute differences between both profiles. When aligned sequence motifs have been used to construct a 'structural consensus', i.e. the average profile with standard deviations, the absolute difference for each position is normalized by the standard deviation. The output of this search engine gives the position where the distance of both profiles is below a user-defined threshold, the strand which reveals the matching profile (+ or -), the distance, and that part of the analysed sequence that gives rise to the matching profile.
Application on the yeast CYC1 gene
The sequence of the CYC1 gene of Saccharomyces cerevisiae has been obtained from the EMBL data library (#X03472) and has been analysed with the programs Conslnspector (Freeh et al., 1993) and Matlnspector (Quandt et al, 1995) , and by constructing structural profiles as described above.
Implementation
Properties of the parameter library
The current version of parameter.lib is restricted to the analysis of substates with the lowest internal energies. For each dinucleotide step, and depending on flanking sequences, it holds 256 values of selected parameters describing the helical structure, groove geometries, and bending of the DNA double helix in the B-conformation. In spite of the approximations used and the neglect of multiple substates, the distributions of the parameters account, at least in a qualitative manner, for distinct sequence effects observed experimentally. Figure 2 shows as examples the distributions of the helical twist and of the bending angle, both for the total set and for the 10 different dinucleotide steps separately. In the case of the twist angle, the decomposition Bending angle (deg.) of the total distribution clearly shows how sequence dependence is related to the individual dinucleotide steps. In comparison to this, the broader distributions of the bending angle indicate a much stronger dependence on environmental sequences. In agreement with experimental data, a tendency to larger intrinsic bends in pyrimidine-purine (YR) steps, most pronounced for the TA step, is observed.
Structural profile simulation
Since the profile of any structural parameter over a DNA region obviously depends on the nucleotide sequence, we in turn asked whether both are a 1:1 mirror to each other, which would not justify the introduction of structural considerations as a tool for functional site analysis per se. For this, we searched for sequences with minor groove width profiles most similar to that of an ideal TATA sequence motif (TATATA). To consider the impact of the adjacent nucleotides, we used all NNTATATANN sequences as templates.
The selection of sequences with similar profiles resulted in 881 different decanucleotides, most of them being similar to many templates. The size of the sequence populations similar to the individual templates is mainly determined by the nucleotide that is immediately adjacent to the central hexanucleotide (Table I) . However, the most 5'-and 3'-nucleotides also have a significant influence. Therefore, 335 sequences have been found to be similar to GTTATATAAT in their minor groove width profile, whereas only one (the self-matching) sequence was found to match the profile of TGTATATACA. As a general rule, templates with RT as 5'-or AY as 3'-dinucleotide impose a minor groove width profile onto the template which can be mimicked by many other sequences. In sharp contrast, 5'-flanking TG or the complementary 3'-flanking CA impose very specific structural features-the combination of both even a unique structureonto the decanucleotide examined. Sequences resulting in similar profiles (Figure 3 ) may significantly differ in their nucleotide sequence. For example, the sequences TACAC-GTGTT and TAACGTTACT show minor groove width profile distances of (/ ms = 0.07 and d ms -0.12 to the profiles of their respective templates CTTATATAAG and ATTA-TATACG, whereas the sequences match in only two or three positions, respectively.
We next examined the distribution of the different core hexanucleotides (Table II) . Over all 256 templates, only 25 different core hexanucleotides were found to reveal a minor groove width similar to that of TATA boxes. Not very surprisingly, by far the largest population of similar sequences contained the central TATATA, as did the templates. The two following hexanucleotides are TAACGT and the complementary ACGTTA. In contrast, among those hexanucleotides found, the sequence CTAACG is the least favourable to constitute a similar minor grove width profile and, if so, it strictly depends on a flanking 5'-YT and 3'-RN extension.
To summarize these studies, it can be stated that the approach to find sequences with a structural profile similar to that of a yeast TATA box led not just to the selection of ATrich sequences, but rather to a collection of oligonucleotides whose composition in many cases appears to be incompatible with the requirements of a functional TATA box sequence.
The results indicate that some highly divergent sequences may constitute very similar structures, at least with respect to a single structural parameter. From this, we conclude (i) that structure profiles are not just a 1:1 mirror image of the nucleotide sequence and (ii) that structure profiles may add important features to the analysis of sequences for regulatory regions, but by themselves may not be sufficiently indicative. However, the latter point has to be investigated for a larger set of transcription factor binding sites.
Structural profile search and application onto yeast TATA box elements
For preliminary attempts to exploit the structural profile search routines, we compiled 21 yeast TATA sequences and generated a profile consensus for the minor groove width. Using this profile consensus as search template, we scanned both strands of the yeast CYC1 gene promoter which contains five TATA-like sequences (TATA-1 to TATA-5) including the proven functional TATA box (TATA-1). Setting the threshold to the distance value of the worst matching TATAlike sequence (TATA-3), we found 185 matches, many of them grouping near distinct sequence positions. Sorting these matches according to the distance to the template, we found TATA-1 to TATA-5 at positions 7,1,185, 40 and 161. Three of the five TATA-like sequences (TATA-1, TATA-2, TATA-5) matched in the exact position on both strands, whereas the remaining ones only matched on the (+) strand. Selecting only positions that matched on both strands, we found TATA-1 (functional TATA box) as the highest scoring out of 33 matches, according to the sum of both distances. This might give a hint to include additional profile-specific features, e.g. the symmetry of the profile, in the valuation of found matches.
Thus, results of structural profile searches have to be combined with those of statistical approaches. Focusing on yeast, 'good' TATA boxes may be characterized by certain qualitative features in the minor groove width profiles: a range of enhanced width over six nucleotides has to be accompanied by a narrowing on either side. This is particularly seen for the main functional TATA box of the CYC1 geneTATA-1, but also for another one which acquires function if TATA-1 is deleted, whereas three normally non-functional TATA elements do not exhibit either of these two features.
Combined evaluation of the results
Since DNA binding of the TATA binding protein is not dependent on the width of the minor groove alone, other structural features have to taken into account (Ponomarenko, personal communication) . With this improved evaluation of structural features, an additional approach to the statistical methods will enable us to improve the accuracy of prediction of regulatory elements.
We also constructed a consensus description for yeast TATA boxes and used the Conslnspector program (Freeh et al, 1993) to analyse the yeast TATA box elements gene. We emphasize the need for combining several criteria to detect regulatory elements within genomic DNA sequences reliably. For this purpose, we are presently developing a database system for output management of either PatternSearch, Matlnspector or Conslnspector, and structural analyses (Dietze et al, in preparation) . This will enable the user to combine the results of different approaches with each other and with, for example, data provided by the feature table of the EMBL data library and appropriately filter the matches to weight the results of different methods against each other.
Discussion
Present implementations of the databases structure.lib and parameter.lib are clearly biased and involve several approximations. First of all, they are exclusively computational and have to rely on molecular modelling techniques and force field parametrizations. The algorithms for creating the databases, however, do not depend on such limitations. Thus, improved versions can easily be obtained as soon as better force field models become available. In particular, a more realistic description of environmental effects due to solvent and counterions is expected to allow for more reliable predictions of substate energies and to describe conformational flexibility by the equilibrium of different substates. Such dynamic parameters have, of course, to be tested against experimental observations, e.g. in protein-DNA complexes, before they can be used for the analysis of structure-function relationships.
Secondly, the DNA database concept in combination with discrete substates is computationally feasible only up to the next-nearest-neighbour model. The impact of this approximation seems to be negligible, but has to be tested further with a larger body of experimental data, as well as with respect to the consistency of results. The latter will be studied by comparing the complete set of 39 different periodic tetranucleotide repeat structures calculated by conformational search (Lavery and Hartmann, 1994) on the one hand, and generated by using the structural library on the other hand.
Analysis of structural features of regulatory signals may add important criteria for improved selection of true positive matches. This may serve either to rescue false-negative sequences or to select against false-positive matches. In our first attempts, we investigated TATA box sequences since it is known that binding of TATA-binding protein (TBP) to this element induces bending of ~80° (Horikoshi et al., 1992) , and is enhanced if the target DNA is pre-bent (Parvin et al., 1995) . Approaching the DNA from one side of the double helix, TBP binds to DNA through the minor groove by embracing it and thus contacting nearly a full turn of the DNA double helix.
Considering the minor groove width profiles of decanucleotides calculated with the parameter library described here, it was shown that the sequence as a whole has to be considered for assessment of particular structural features. Since very similar profiles can be detected for highly divergent sequences, it is evident that searching for structural features adds new, independent criteria to the spectrum of sequence scanning options. This may become particularly relevant for binding sites of transcription factors such as C/EBP, for which no reliable sequence consensus can be drawn, and for which weight matrices will give rise to an unacceptable amount of false-positive hits. In future, we may be able to add more independent characteristics which may reflect additional features of the mode through which a certain protein interacts with its target sequence(s). It is intended to extend the parameter library by descriptors of conformational flexibility and also to include data derived from experimental studies, e.g. affinity constants and structural distortions of DNA in complexes with proteins. However, in each case it has to be proven whether these new descriptions really add independent criteria or are just another representation of the data already taken into account.
